In marine bivalves, hemocytes support various physiological functions, including immune defense, nutrient transport, shell repair, and homeostatic maintenance. Although the eVects of marine contaminants on the immunological functions of bivalves have been extensively investigated, the impacts of oil spills are not well understood. Therefore, we investigated hemocyte parameters in the PaciWc oyster Crassostrea gigas 13 months after the Hebei Spirit oil spill (December 2007) oV the west coast of Korea. The parameters studied included hemocyte concentration and mortality, relative proportion of hemocyte populations, and immunological functions such as phagocytosis and oxidative activity using Xow cytometry. These immune-related parameters in oysters damaged by the oil spill were also compared to control oysters that were collected from an area unaVected by the spill. The Xow cytometry study indicated that granulocyte population, phagocytic capacity, and reactive oxygen species production in oysters exposed to crude oil 13 months prior were depressed compared to the unexposed control oysters. Our data suggest that immunocompetence in oysters aVected by the oil spill had not fully recovered 1 year after the accident, although more detailed studies on the physiology and disease resistance should be performed.
Introduction
The internal responses of marine bivalves to invasive pathogens, natural environmental impacts, and pollutants are mediated at least in part by hemocytes (AuVret 1988;  for review see Hine 1999) . Bivalve hemocytes are classiWed into two main classes based on their morphologies, granulocytes and agranulocytes, the latter of which are also called hyalinocytes (Cheng 1981) . Hemocytes act as cellular immune eVectors through their capacities to phagocytize, encapsulate, and subsequently degrade invading foreign materials (Montes et al. 1995; Chu 2000; Canesi et al. 2002) . Hemocytes express various hydrolytic enzymes and are able to produce reactive oxygen species (ROS), both of which are involved in the destruction of ingested or encapsulating nonself materials (Adema et al. 1991; Toreilles et al. 1996; López et al. 1997; Cima et al. 2000; Bayne et al. 2001; Lambert et al. 2003; Terahara and Takahashi 2008) . Hemocytes are also involved in other vital functions of bivalve biology and physiology, including nutrient transport and digestion, shell and tissue formation, and repair, as well as homeostatic maintenance (Cheng 1996 (Cheng , 2000 Chu 2000; Beninger et al. 2003; Mount et al. 2004) .
Numerous studies have studied the eVects of contaminants on marine bivalve immunology. For example, many investigations have evaluated the release of metals into aquatic systems because of the high threat to human health (Larson et al. 1989; Fisher et al. 2000; Fournier et al. 2001; Matozzo et al. 2001; Oliver et al. 2001 Oliver et al. , 2003 Gagnaire et al. 2004; Parry and Pipe 2004) . Although organic pollutants have received less attention, polycyclic aromatic hydrocarbons (PAHs), which are constituents of crude oil, have been reported to alter hemocyte function in marine bivalves. For example, PAH exposure was found to inhibit phagocytic activity in the clam Mya arenaria (Fournier et al. 2002 (Fournier et al. , 2007 and the PaciWc oyster Crassostrea gigas (Bado-Nilles et al. 2008) .
On the morning of December 7, 2007, a crane-carrying barge hit the Hong Kong-registered crude oil carrier Hebei Spirit, which was anchored approximately 8 km oV Taean on the west coast of Korea (Fig. 1) . The collision punctured three of Wve oil tanks, resulting in the leaking of approximately 10,500 tons of crude oil into the sea (UNOCHA 2007; ITOPF 2008) . This oil spill was about one-third the size of the Exxon Valdez oil spill and the worst oil spill to have ever occurred on Korean shores. The region aVected by the oil is one of Asia's largest wetland areas within a national park and this area had also been leased for the farming of shellWsh such as oysters, abalones, and clams (UNOCHA 2007) .
Despite the considerable impacts that crude oil contamination is known to have on the physiology of marine animals, little is known about the detrimental eVects of crude oil on marine bivalve physiology, particularly with respect to hemocyte function. In January 2009, 13 months after the Hebei Spirit incident, we analyzed hemocyte parameters in PaciWc oysters exposed to the crude oil to evaluate their physiological condition. In this study, we compared the hemocyte parameters of the oysters aVected by the oil spill to the parameters of healthy oysters collected from an area that was not aVected by the spill.
Materials and methods

Sampling eVort
In January 2009, oysters were collected from an oyster farm located at Uihangri beach in Taean, one of the major areas damaged by the oil spill (36°50Ј2.46ЉN, 126° 9Ј15.88ЉE) and Daebudo Island in Incheon Bay (37°15Ј9.96ЉN, 126°30Ј48.09ЉE), which was a control site unaVected by damage from the Hebei Spirit oil spill (Fig. 1) . The oysters were transferred to the laboratory and a notch was ground into the anterior end of the shell. Notched oysters were then placed into a tank for at least 48 h prior to analyses to acclimate to the laboratory and recover from the stress induced from grinding the notch.
Analyses of hemocyte parameters
Hemolymph from each oyster was withdrawn through the previously ground notch, immediately Wltered through an 80-m nylon mesh, and individually transferred into microtubes maintained on ice to minimize cell clumping. Hemolymph from Wve oysters was pooled into one tube for the Xow cytometry analysis. Six replicates were prepared from each sampling location.
All hemocyte parameters were analyzed using a FACS Calibur Xow cytometer (Becton and Dickinson) and the protocols were adapted from Delaporte et al. (2003) and Hégaret et al. (2003a, b) . Hemocyte proportions and other cytometric measurements (i.e., size and internal complexity) of each hemocyte population were determined on SYBR Green I-positive cells (Wnal dilution = 10£). Cell mortality was assessed using the propidium iodide exclusion method (Wnal concentration = 20 g ml ¡1 ). Phagocytic capacity was measured by incubating the oyster hemocytes with 2.0-m Xuorescent beads and determining the percentage of cells that engulfed three or more beads. ROS production was evaluated through the oxidation of dichloroXuorescein diacetate (DCFH-DA) into the Xuorescent DCF probe. The oxidative activity of hemocytes was proportional to the emitted Xuorescence and expressed in Xow cytometry arbitrary units (A.U.).
Statistical analysis
The hemocyte parameters were compared between the oysters collected from the Hebei Spirit oil spill site and the oysters collected from the unaVected control site at Incheon Bay using a one-way analysis of variance (ANOVA) in SAS.
Results
Cytometric measurements and the proportion of each hemocyte population are summarized in Table 1 . Flow cytometry methods enable the discrimination between hemocyte subtypes using morphological parameters such as size and internal complexity. Internal complexity was reported as granularity and relied on several inner components of the cells, including the shape of the nucleus, the amount and type of cytoplasmic granules, cytoplasmic inclusions resulting from ingestion of foreign materials, and membrane roughness. The Xow cytometry analysis indicated three morphologically distinguishable hemocyte populations (Fig. 2 ) in oysters from both locations: granulocytes, hyalinocytes, and blast-like cells. Granulocytes were determined to be the largest cells at both the spill and control sites (167.8 and 164.3 A.U., respectively) and displayed the highest internal complexity (146.7 and 149.4 A.U., respectively). Hyalinocytes were smaller in size (112.2 and 126.1 A.U., respectively) than the granulocytes and had a low internal complexity (13.4 and 15.7 A.U., respectively), whereas blast-like cells were very small (20.3 and 18.2 A.U., respectively) and exhibited the lowest internal complexity (2.3 A.U. in both locations). For both sites, hyalinocytes were the most numerous hemocytes (77.2 and 79%, respectively). Blast-like cells were the more numerous in the hemolymph of oysters from the spill site (14.7%) compared to oysters from the control site (10.7%). In contrast, oysters from the spill site contained less granulocytes (4.2%) than the control oysters (8.7%). However, the proportions and cytometric characteristics of the hemocyte populations were not signiWcantly diVerent in oysters from the spill and control sites.
The concentration and mortality of circulating hemocytes, as well as their phagocytic capacity and ROS production, are summarized in Table 2 . The concentration of hemocytes in the hemolymph was similar among the two oyster populations (324,949 § 155,651 cells ml ¡1 for the spill site and 401,201 § 221,898 cells ml ¡1 for the control site). Hemocyte mortality was low in oysters from both the control site (5.5%) and the spill site (5.9%). Furthermore, the hemocyte concentration and mortality in the two oyster populations were not statistically diVerent. As shown in Table 2 , the phagocytic capacity (i.e., hemocytes that engulfed three or more Xuorescent beads) of oysters from the spill site was 16.0 § 5.9%, whereas that of oysters from the control site was greater at 20.3 § 4.7%. The mean production of ROS was lower in oysters from the damaged area (44.1 A.U.) than in those from the control site (54.6 A.U.). Although the phagocytic capacity and ROS production of oysters from the control site were somewhat higher than the values determined in oysters from the spill site, the diVerences were not signiWcant.
Discussion
As summarized in Table 1 , the control and oil spill-damaged oysters displayed a dissimilar proportion of granulocytes and blast-like cells, but not hyalinocytes. That is, the concentration of granulocytes was twice lower in the oilexposed oysters than in the control oysters. Due to their high phagocytic capacities, granulocytes might have been the hemocytes most aVected by the ingestion of toxic components resulting from the oil spill. These toxins might have induced intracellular disturbances and DNA damage, such as strand breaks and cross-links or mutations, resulting in dysfunctional granulocytes or granulocyte apoptosis (Dixon et al. 1985; Nacci et al. 1992; Telford et al. 1992; VukmiroviT et al. 1994; Walker and Sikorska 1997; Blaise et al. 2002; Hamoutene et al. 2002; Bolognesi et al. 2004; Rocher et al. 2006; Gagné et al. 2008) . In contrast, the oil spill-damaged oysters exhibited more blast-like cells than the control oysters (14.7 vs. 10.7%, respectively). Blast-like cells are very small agranular cells that are considered stem cells freely circulating in the hemolymph (Cima et al. 2000; Aladaileh et al. 2007; Matozzo et al. 2008; Travers et al. 2008; Donaghy et al. 2010) . Although current knowledge about hemopoiesis in marine bivalves is somewhat limited (Hine 1999; Matozzo et al. 2008) , multiplication of blastlike cells might have been initiated to mainly restore the decreased granulocyte population. The long-term eVects of the oil pollution should be further analyzed by determining the DNA content and cell cycle of circulating hemocytes.
The Xow cytometric analyses performed 13 months after the Hebei Spirit incident in this study indicated that PaciWc oysters from the spill site were less immunocompetent compared to oysters from the control site. Numerous studies have reported that granulocytes are the main population of hemocytes involved in phagocytosis and ROS production in marine bivalves, although hyalinocytes might exhibit similar phagocytic and oxidative activities (Tripp 1992; Cima et al. 2000; Delaporte et al. 2003; Goedken and De Guise 2004; Lambert et al. 2007; Donaghy et al. 2010) . Whole hemocytes of oysters from the spill site exhibited a lower total phagocytic activity and lower ROS production than the control oysters (Table 2) . Although these diVerences might partly be attributable to the lower phagocytic and oxidative activities of the granulocytes, this reduced immunocompetence probably results mainly from the lower granulocyte proportion in the hemolymph of the oysters from the spill site (4.2 and 8.7%, respectively).
Few studies have examined the impact of oil spills on marine bivalve hemocytes, and fewer have evaluated the PaciWc oysters aVected by the Hebei Spirit oil spill. However, we assumed that the hemocyte parameters were likely dramatically altered immediately after the oil spill, although we did not test the immediate eVects in this investigation. Other studies have shown that severe immunosuppression, including a reduction in superoxide anion generation and phagocytic activity, occurred in the mussel Mytilus edulis following the Sea Empress oil spill oV the coast of Wales, UK during the Wrst month following the incident (Dyrynda et al. 2000) . According to Gagnaire et al. (2006) and Bado-Nilles et al. (2008) , PAHs altered the hemocyte parameters in C. gigas as soon as 4 h postexposure.
Several studies have reported that the short-and longterm impacts of oil-spill pollution on immunological activities of marine bivalve hemocytes are diYcult to predict because numerous internal and external parameters govern Table 2 Concentration of hemocytes, mortality, phagocytic capacity, and ROS production Total hemocyte count (THC) was determined on SYBR Green I-positive cells. THC is expressed as the number of hemocytes per milliliter. Hemocyte mortality is the percentage of propidium iodide-positive hemocytes. Phagocytic capacity is reported as the percentage of hemocytes having engulfed three or more Xuorescent beads. Oxidative activity was evaluated through the production of reactive oxygen species and expressed in Xow cytometric arbitrary units (A.U. Novas et al. (2007) reported a longterm alteration of hemocyte-related immune parameters in the mussel Mytilus galloprovincialis, including a decrease in nitric oxide production and an increased sensitivity of hemocytes to apoptosis and necrosis. In contrast, Ordás et al. (2007) did not observe an eVect of the fuel oil spilled by the Prestige on hemocyte immune parameters when M. galloprovincialis was maintained in an aquarium and exposed to the fuel oil for 4 months. In addition, more than 1 year after the Erika oil spill occurred oV Pointe de Penmarc'h, Southern Brittany, France, in 1999, severe immunological alteration was detected in C. gigas in only one of the numerous damaged sites (AuVret et al. 2004) . Environmental surveys conducted within the oil-spill areas a few days after the accident revealed that oil contaminant levels in marine bivalve tissues were 10-1,000 times higher than pre-spill levels (Ministry of Land, Transport and Maritime AVairs of Korea, MLTM 2008). However, residual oil concentrations in shellWsh tissues dropped dramatically 10 months after the incident, possibly due to the large cleanup eVorts along the damaged shores. Consequently, the survey conducted in October 2008 indicated that the levels of oil contaminants in the Taean oil-spill sites were similar to the pre-oil-spill level. However, the survey results indicated that residual oil contaminants in shellWsh tissues in some heavily damaged areas, including the present study site, remained relatively high 1 year after the accident (MLTM 2008) . The comparatively low levels of immune parameters such as granulocyte population, rate of phagocytosis, and oxidative activity observed in oysters from the spill area in this study suggest that these oysters continue to undergo stress from the accumulation of oil components in their body. Note that this study site was one of the most heavily damaged oil-spill areas.
Unlike other oyster farms located on the southern coast of Korea, in which oysters are raised using submergedlongline suspended culture systems, oysters from the Taean oil-spill area are cultivated using a rack culture system installed within the lower intertidal area. To harvest oyster spats for the culture, numerous empty adult oyster shells are attached to a 2-3-m-long string and suspended on the rack system. Oyster spats may settle on the spat collectors in July and August, and they are harvested 1.5-2 years after the grow-out period. These suspended rack-culture systems used in the Taean area could have been advantageous to oysters in the early phase after the oil-spill accident because the oysters could have avoided direct exposure to oil-contaminated seawater during low tide. According to a report by the MLTM (2008), PAHs in the water column soon after the incident were very high, up to 5,170 ng L
¡1
. However, PAH levels in the water column dropped dramatically to between 9.8 and 65.8 ng L ¡1 only 1 month after the accident.
This rapid decrease in water column PAHs was also reported in the Exxon Valdez oil spill (Boehm et al. 2007 ). Consequently, a fast reduction in oil contaminants in the water column combined with the rack-suspended culture system in the intertidal area probably contributed greatly in helping oysters recover from stresses due to the oil spill during the past 13 months.
In conclusion, we compared the immune parameters of oysters collected from Uihangri beach, one of the most heavily exposed areas to the spilled oil, with immune parameters of control oysters from Daebudo in Incheon Bay. A 13 months after the Hebei Spirit oil spill, the oysters from the most heavily contaminated beach had not fully recovered their hemocyte capabilities. The observed reduction in immunocompetence among oysters from the contaminated area is probably due to their lower granulocyte content. Long-term monitoring of their immune capacities and disease resistance should be performed to assess whether the oil spill-aVected PaciWc oysters will fully recover their immune response.
